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(3.44)
Hy
K =
1
Ms

−
∂εK
∂my
+
∂
∂x


∂εK
∂
(
∂my
∂x
)

+
∂
∂y


∂εK
∂
(
∂my
∂y
)

+
∂
∂z


∂εK
∂
(
∂my
∂z
)




(3.45)
Hz
K =
1
Ms

−
∂εK
∂mz
+
∂
∂x


∂εK
∂
(
∂mz
∂x
)

+
∂
∂y


∂εK
∂
(
∂mz
∂y
)

+
∂
∂z


∂εK
∂
(
∂mz
∂z
)




(3.46)
(3.44),(3.45),(3.46) (3.42) (3.47),(3.48),(3.49)
Hx
K = 0 (3.47)
Hy
K = 0 (3.48)
Hz
K =
2Ku
Ms
mz (3.49)
(3.47),(3.48),(3.49) (3.50)
HK =


0
0
2Ku
Ms
mz

 (3.50)
3.3.3 DMI
DMI DMI DMI [12]
(3.51)
εDMI = −Dij · (Si × Sj) (3.51)
(3.51) D DMI (3.51)
(3.51) DMI
(3.52)
εDMI = D
[(
mx
∂mz
∂x
−mz ∂mx
∂x
)
+
(
my
∂mz
∂y
−mz ∂my
∂y
)]
(3.52)
(3.52) DMI
HDMI = −δε
DMI
δM
= − 1
Ms
δεDMI
δm
(3.53)
(3.53) x, y, z
Hx
DMI =
1
Ms

−
∂εDMI
∂mx
+
∂
∂x


∂εDMI
∂
(
∂mx
∂x
)

+
∂
∂y


∂εDMI
∂
(
∂mx
∂y
)

+
∂
∂z


∂εDMI
∂
(
∂mx
∂z
)




(3.54)
Hy
DMI =
1
Ms

−
∂εDMI
∂my
+
∂
∂x


∂εDMI
∂
(
∂my
∂x
)

+
∂
∂y


∂εDMI
∂
(
∂my
∂y
)

+
∂
∂z


∂εDMI
∂
(
∂my
∂z
)




(3.55)
Hz
DMI =
1
Ms

−
∂εDMI
∂mz
+
∂
∂x


∂εDMI
∂
(
∂mz
∂x
)

+
∂
∂y


∂εDMI
∂
(
∂mz
∂y
)

+
∂
∂z


∂εDMI
∂
(
∂mz
∂z
)




(3.56)
(3.54),(3.55),(3.56) (3.52) (3.57),(3.58),(3.59)
Hx
DMI = −2D
Ms
∂mz
∂x
(3.57)
Hy
DMI = −2D
Ms
∂mz
∂y
(3.58)
Hz
DMI =
2D
Ms
(
∂mx
∂x
+
∂my
∂y
)
(3.59)
(3.57),(3.58),(3.59) ∂
∂x
mx,
∂
∂y
my,
∂
∂x
mz,
∂
∂y
mz 2 (3.60)
(3.63) i, j x, y
∂mx
∂x
=
mxi+1 −mxi−1
2∆x
(3.60)
∂my
∂y
=
myj+1 −myj−1
2∆y
(3.61)
∂mz
∂x
=
mzi+1 −mzi−1
2∆x
(3.62)
∂mz
∂y
=
mzj+1 −mzj−1
2∆y
(3.63)
(3.60) (3.63) (3.53) DMI (3.64)
HDMI =
D
Ms


−mzi+1 −mzi−1
∆x
−mzj+1 −mzj−1
∆y
mxi+1 −mxi−1
∆x
+
myj+1 −myj−1
∆y


(3.64)
3.3.4
(3.65) (3.65)
εD = −1
2
Msm ·HD
= −1
2
Ms(mxHx
D +myHy
D +mzHz
D) (3.65)
21 Local dipolar approximation 1
2 Explicit dipolar calculation
2 3.3
3.3: 2
Local dipolar approximation
Local dipolar approximation
x y z
HD (3.66)
HD =


0
0
−4piMsmzi

 (3.66)
Explicit dipolar calculation
3.4 x− y
y − z x− z ±Mx,±My
±Mz 6 y− z x− z
x− y
3.4:
y− z (x1, y, z)
(3.67)
∆H = −Mx
r2


x1
r
∆y∆z
y
r
∆y∆z
z
r
∆y∆z


, r =
√
x12 + y2 + z2 (3.67)
∆Hx =
∫ z1
z0
∫ y1
y0
∆Hx, ∆Hy =
∫ z1
z0
∫ y1
y0
∆Hy, ∆Hz =
∫ z1
z0
∫ y1
y0
∆Hz (3.68)
y− z (3.68)
x− z x− y
(3.69)
HD =


qxx ·mx + qxy ·my + qxz ·mz
qxy ·mx + qyy ·my + qyz ·mz
qxz ·mx + qyz ·my + qzz ·mz

 (3.69)
qxx,qyy,qzz,qxy,qxz,qyz Ms
(i, j) (3.70), (3.71), (3.72)
Hx
D
(i,j) =
nx∑
is=1
ny∑
js=1
[qxx(is−i,js−j) ·mx(is,js) + qxy(is−i,js−j) ·my(is,js) + qxz(is−i,js−j) ·mz(is,js)]
(3.70)
Hy
D
(i,j) =
nx∑
is=1
ny∑
js=1
[qxy(is−i,js−j) ·mx(is,js) + qyy(is−i,js−j) ·my(is,js) + qyz(is−i,js−j) ·mz(is,js)]
(3.71)
Hz
D
(i,j) =
nx∑
is=1
ny∑
js=1
[qxz(is−i,js−j) ·mx(is,js) + qyz(is−i,js−j) ·my(is,js) + qzz(is−i,js−j) ·mz(is,js)]
(3.72)
nx,ny x y
[9] [10]
(3.73), (3.80)
F1(X,Y,Z) = XY Z tan
−1
(
Y Z
XD
)
+
1
2
Y (Z2 −X2) ln |D − Y |
+
1
2
Z(Y 2 −X2) ln |D − Z|+ 1
6
(Y 2 + Z2 − 2X2)D
(3.73)
F2(Z,X, Y ) = −XY Z ln |D + Z|+ 1
6
Y (Y 2 − 3Z2) ln |D +X|+ 1
6
X(X2 − 3Z2) ln |D + Y |
+
1
2
X2Z tan−1
(
Y Z
XD
)
+
1
2
Y 2Z tan−1
(
XZ
YD
)
+
1
6
Z3 tan−1
(
XY
ZD
)
+
1
3
XYD
(3.74)
D =
√
X2 + Y 2 + Z2 (3.73), (3.74) qxx,qyy,qzz,qxy,qxz,qyz
qxx =
1
v
3∑
i=1
3∑
j=1
3∑
k=1
((−1)i−j+k−1sn(i)sn(j)sn(k) · F1(x+ ax(i), y + ay(j), z + az(k)))
(3.75)
qyy =
1
v
3∑
i=1
3∑
j=1
3∑
k=1
((−1)i−j+k−1sn(i)sn(j)sn(k) · F1(y + ay(j), z + az(k), x+ ax(i)))
(3.76)
qzz =
1
v
3∑
i=1
3∑
j=1
3∑
k=1
((−1)i−j+k−1sn(i)sn(j)sn(k) · F1(z + az(k), x+ ax(i), y + ay(j)))
(3.77)
qxy =
1
v
3∑
i=1
3∑
j=1
3∑
k=1
((−1)i−j+k−1sn(i)sn(j)sn(k) · F2(z + az(k), x+ ax(i), y + ay(j)))
(3.78)
qxz =
1
v
3∑
i=1
3∑
j=1
3∑
k=1
((−1)i−j+k−1sn(i)sn(j)sn(k) · F2(y + ay(j), z + az(k), x+ ax(i)))
(3.79)
qyz =
1
v
3∑
i=1
3∑
j=1
3∑
k=1
((−1)i−j+k−1sn(i)sn(j)sn(k) · F2(x+ ax(i), y + ay(j), z + az(k)))
(3.80)
ax(1) = −ddx, ax(2) = 0, ax(3) = ddx
ay(1) = −ddy, ay(2) = 0, ay(3) = ddy
az(1) = −ddz, az(2) = 0, az(3) = ddz
sn(1) = 1, sn(2) = 2, sn(3) = 1
ddx,ddy,ddz
qxx(i,j),qyy(i,j),qzz(i,j), qxy(i,j),qxz(i,j),qyz(i,j),
i = −nx +1, · · · , nx − 1,j = −ny +1, · · · , ny − 1 4× nx × ny
1/4 nx × ny
(3.70), (3.71), (3.72) n
(3.70), (3.71), (3.72)
Convolution
Convolution
Convolution FFT [15]
Convolution
DFT FFT
3.5 FFT Convolution
3.5:
C M C˜, M˜
Convolution n2 FFT
n log(n) n
O(n2) FFT O(n log n)
n
B C 2n B′, C ′
B′ : B(1), B(2), · · · , B(n), 0, 0, · · · , 0
C ′ : 0, C(−n+ 1), C(−n+ 2), · · · , C(0), C(1), · · · , C(n− 1)
B′ B 0 n C ′
Convolution 2n − 1 0
B′ C ′ Convolution A′
A′(n+ 1), · · · , A′(2n)
2 1
3.1: B′
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
B(1,4) B(2,4) B(3,4) B(4,4) 0 0 0 0
B(1,3) B(2,3) B(3,3) B(4,3) 0 0 0 0
B(1,2) B(2,2) B(3,2) B(4,2) 0 0 0 0
B(1,1) B(2,1) B(3,1) B(4,1) 0 0 0 0
3.2: C ′
0 C(-3,3) C(-2,3) C(-1,3) C(0,3) C(1,3) C(2,3) C(3,3)
0 C(-3,2) C(-2,2) C(-1,2) C(0,2) C(1,2) C(2,2) C(3,2)
0 C(-3,1) C(-2,1) C(-1,1) C(0,1) C(1,1) C(2,1) C(3,1)
0 C(-3,0) C(-2,0) C(-1,0) C(0,0) C(1,0) C(2,0) C(3,0)
0 C(-3,-1) C(-2,-1) C(-1,-1) C(0,-1) C(1,-1) C(2,-1) C(3,-1)
0 C(-3,-2) C(-2,-2) C(-1,-2) C(0,-2) C(1,-2) C(2,-2) C(3,-2)
0 C(-3,-3) C(-2,-3) C(-1,-3) C(0,-3) C(1,-3) C(2,-3) C(3,-3)
0 0 0 0 0 0 0 0
n n
n B 0
3.3.5
DMI DMI
[8] DMI (3.81)
∂m
∂n
=
D
2A
(zˆ × n)×m (3.81)
(3.81) n xˆ,yˆ (3.82) (3.83)
∂m
∂xˆ
=
D
2A
(zˆ × xˆ)×m = D
2A


mz
0
−mx

 (3.82)
∂m
∂yˆ
=
D
2A
(zˆ × yˆ)×m = D
2A


0
mz
−my

 (3.83)
(3.82) DMI x 1 (3.84) (3.89)
x 0 nx − 1
mx
−1 = mx
0 −∆x ·mz0 · D
2A
(3.84)
my
−1 = my
0 (3.85)
mz
−1 = mz
0 +∆x ·mx0 · D
2A
(3.86)
mx
nx = mx
nx−1 +∆x ·mznx−1 · D
2A
(3.87)
my
nx = my
nx−1 (3.88)
mz
nx = mz
nx−1 −∆x ·mxnx−1 · D
2A
(3.89)
m−1 m0 mnx−1 mnx 1
(3.83) DMI y 1 (3.90)
(3.95) y 0 ny − 1
mx
−1 = mx
0 (3.90)
my
−1 = my
0 −∆x ·mz0 · D
2A
(3.91)
mz
−1 = mz
0 +∆x ·my0 · D
2A
(3.92)
mx
ny = mx
ny−1 (3.93)
my
ny = my
ny−1 +∆x ·mzny−1 · D
2A
(3.94)
mz
ny = mz
ny−1 −∆x ·myny−1 · D
2A
(3.95)
m−1 m0 mny−1 mny 1
3.4
MRAM 1.1 1.2
MRAM MRAM
MRAM
1 (3.96) 2
(3.97)
∇2ϕ = ∂
2
∂x2
ϕ = 0 (3.96)
∇2ϕ = ( ∂
2
∂x2
+
∂2
∂y2
)ϕ = 0 (3.97)
(3.96) (3.97) Ax = b x
b i, j 0 · · ·nx, 0 · · ·ny
bj·nx+i = ϕ(i,j) ϕ(i,j)
(3.98) (3.99)
Jxi,j = (ϕi−1,j − ϕi+1,j)/2.0 (3.98)
Jyi,j = (ϕi,j−1 − ϕi+1,j)/2.0 (3.99)
3.5
(3.100) [16] [17] [18]
∆ =
∆E
kBT
(3.100)
∆ :
∆E :
kB :
T :
∆ = 60 MRAM 10
[16]
3.6 GPU
CPU
GPU
GPU 1
CPU
8 GPU 1 4
3.6
3.6: CPU GPU
CPU 8 GPU
2
GPU
GPU GPU
GPU
GPU GPU
3.6
GPU
GPU 3D
CPU
GPU
3.7
3.7: CPU GPU
GPU
GPU
3.7 CPU GPU
GPU
GPU
CPU GPU
GPU
GPU
GPU LLG
4DMI 1 [8]
2
MRAM 2
4.1 1
DMI 1
[8]
4.1.1
4.1
4.1: 1
28
() 1
(4.1)
mx = ±∆
ξ
= ± D
2
√
AK
(4.1)
(ξ = 2A/D,∆ =
√
A/K)
4.1.2
4.2
4.2: 1
4.1.3
4.1
4.1: 1
Ms = 1100 emu/cm
3
A = 1.6µerg/cm
Ku = 12.7Merg/cm
3
α = 1.0
γ = 17.6Mrad/s ·Oe
4.2
4.2: 1
DMI D = 0 erg/cm2 ∼ 5.5erg/cm2
x nx 50,100,200
x dx = 100/(x ) nm
z dz = 0.3536 nm
4.2
4.2.1
DMI [8]
4.2.2
4.3
4.3:
z z (
)
4.2.3
4.4
4.4:
4.2.4
mz = 0
512× 512 4.3
4.3: 2
Ms = 1100 emu/cm
3
A = 1.6µerg/cm
Ku = 12.7Merg/cm
3
α = 0.5
γ = 17.6Mrad/s ·Oe
4.4
4.4: 2
DMI D = 0 erg/cm2 ∼ 8erg/cm2
z dz = 0.6 nm
4.3 2
2
4.3.1
4.5
4.5:
z
·
4.6
4.6: ·
4.3.2
4.7
4.7: 2
4.3.3
256× 256 4.5
4.5: 2
Ms = 837 emu/cm
3
A = 1µerg/cm
Ku = 4Merg/cm
3 ∼ 6Merg/cm3
α = 0.5
γ = 17.6Mrad/s ·Oe
4.6
4.6: 2
Ku = 4Merg/cm
3 ∼ 6Merg/cm3
DMI D = 0mJ/m2 ∼ 2mJ/m2
z dz = 1.2 nm
4.4
4.4.1
4.8
4.8:
4.4.2
4.9
4.9:
4.4.3
4.7
4.7:
Ms = 1100 emu/cm
3
A = 1.6µerg/cm
Ku = 12.7Merg/cm
3
α = 0.5
γ = 17.6Mrad/s ·Oe
DMI D = 3.0 erg/cm2
4.8
4.8:
z dz = 0.6 nm
pˆ = (0 0 1)T
µB = 9.27408× 10−24 J/T
gyromagnetic splittingfactor g = 2.0× 1.001159657
e = 1.602189× 10−19 C
g g(θ) = 1
LD = 100.0 nm, 200.0 nm
LE = 100.0 nm, 50.0 nm, 37.5 nm, 25.0 nm
4.5
4.5.1
4.10
4.10:
4.11
4.11:
4.5.2
4.12
4.12:
4.5.3
4.9
4.9:
Ms = 1100 emu/cm
3
A = 1.6µerg/cm
Ku = 12.7Merg/cm
3
α = 0.5
γ = 17.6Mrad/s ·Oe
β = 0.5
4.10
4.10:
DMI D = 2.8 erg/cm2 ∼ 3.1erg/cm2
u = 0.0m/s ∼ 70.0m/s
p = 0.7
z dz = 0.6 nm
LC = 10.0 nm, 20.0 nm
5 GPU
GPU
GPU
5.1
CPU 1 18
Ku DMI D
GPU
5.2
CPU: Intel Core i7 960 GPU:GeForceGTX580 GTX580
512 3GB 1581GFLOPS
5.3 GPU
2 CPU( ) GPU(
) 256× 256 100
1 5.1
5.1:
/ msec / msec / msec / msec
CPU( ) 0.1562 0.4687 105.23437 105.8594
GPU( ) 0.0098 0.0444 2.76630 2.8115
GPU( ) 0.0050 0.0259 1.00400 1.0040
5.1 GPU CPU
5.2
38
5.2: CPU
/ / / /
GPU( ) 15.93 10.55 37.42 37.65
GPU( ) 31.25 180.98 108.81 105.43
5.2 GPU 100
3
CPU GPU LLG RK4
LLG 100
5.1, 5.2 RK4 5.3, 5.4 5.1, 5.2 5.3,
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5.2: CPU GPU
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5.3: CPU GPU RK4 1
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5.4: CPU GPU RK4 1
5.4 GPU
256 × 256 65536 35 RK4
65 5.2 CPU
GPU
6LLG DMI
DMI [8] DMI
1
DMI DMI
DMI
6.1 1
1 DMI D =
3.0mJ/m2 1 D mx 6.1 6.4
6.1 D = 3.0(mJ/m2) 1 6.3 D
mx
-0.5
 0
 0.5
 1
-50 -25  0  25  50
m
 
x(nm) 
D = 3 mJ/m2 
mx
mz
6.1: D = 3.0mJ/m2 1 6.2: D = 3.0mJ/m
2 1
[8]
41
 0
 0.25
 0.5
 0.75
 1
 0  0.25  0.5  0.75  1
 0  1  2  3  4  5
m
x
 
∆/ξ 
D(mJ/m2) 
Analytical result 
Local dipolar approximation nx 100 
Local dipolar approximation nx 200 
Local dipolar approximation nx 400 
Explicit dipolar caluculation 
6.3: D mx 6.4: [8]
6.1,6.2
6.3,6.4 Explicit dipolar approximation
6.1 Local diploar approximation
6.5
6.5: 1
(3.84) (3.87) mx
0 ≈ 0,mxn−1 ≈ 0 dx D, 2A
dx > 0,
D
2A
> 0 mz
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